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Like the striatum, the STN is an input structure of the basal ganglia, receiving direct projections from the cortex and the thalamus (Afsharpour 1985; Sugimoto et al. 1983 ) but also from the striatum, the dorsal and ventral pallidum, and the midbrain dopaminergic nuclei (Parent and Hazrati 1995) . The STN is thus in a key position within the cortico-basal gangliathalamocortical loops to modulate basal ganglia outflow and influence motor actions (Maurice et al. 1998a, b) . It also modulates cortical activity directly (Degos et al. 2008) , and its involvement in cognitive and motivational functions may be even more prominent than its classical role in mediating basal ganglia outflow (Absher et al. 2000; Baunez and Lardeux 2011; Baunez and Robbins 1997; Eagle and Baunez 2010; Eagle et al. 2008; Temel et al. 2006; Trillet et al. 1995; Winstanley et al. 2005; Witjas et al. 2005) . We know that STN neurons respond to incentive cues and reward delivery (Darbaky et al. 2005; Matsumura et al. 1992; Teagarden and Rebec 2007) , and we have shown that STN neurons differentially encode the salience of natural rewards when two different sucrose concentrations are available (Lardeux et al. 2009 ). The present study aimed at establishing how STN neurons encode a natural reward and a drug of abuse (given in a quantity that does not model addiction). We recorded STN neurons in rats performing discriminative stimuli tasks (Hauber et al. 2000) using two rewards differing by their nature: cocaine vs. sucrose.
Our results show that natural rewards and drugs of abuse are differentially encoded in the STN. Sucrose seems to be preferred by the animals and is also encoded more strongly in the STN. This provides a neurobiological basis for the opposite behavioral effects of STN inactivation on motivation for food vs. cocaine, confirming the STN as an interesting target for the treatment of cocaine addiction Rouaud et al. 2010) .
MATERIALS AND METHODS

Animals
Male Long-Evans rats (n ϭ 8; Janvier, Saint Berthevin Cedex, France), weighing 350 -400 g at the time of their surgery, were maintained on a 12-h light-dark cycle at an ambient temperature of 21°C. During the entire experiment, rats were kept at 85% of their free-feeding weight. Water was provided ad libitum, except during testing sessions. All procedures were conducted in accordance with and approved by the French Agriculture and Forestry Ministry (decree 87-849).
Surgery
After training in the behavioral task for 3 mo, rats were anesthetized with a mixture of ketamine (100 mg/kg im) and medetomidine (250 g/kg im). Reversal of the anesthesia was obtained with Atipamezole (75 mg/kg im). Bilateral, multiwire tetrodes were positioned stereotaxically into the STN. Coordinates for the aimed site were (in mm; tooth bar set at Ϫ3.3): anteroposterior, Ϫ3.7; lateral, Ϯ2.4 from bregma; dorsoventral, Ϫ8.35 from skull (Paxinos and Watson 2005) . The electrode assemblies were anchored to the skull with four stainless-steel screws and dental cement. Given the small size of the STN, a drivable device is not appropriate, as it would allow only a small number of recording sessions.
Rats were surgically implanted with a chronic intravenous silicone catheter into the right jugular vein, as described previously (Rouaud et al. 2010) . Behavioral testing began 15 days after surgery.
Apparatus
Training and recording sessions took place in a custom-built Plexiglas operant box (Med Associates, St. Albans, VT). A retractable lever and two cue lights, one on either side of the lever, were located along one wall. A magazine equipped with two cup receptacles was located on the opposite wall. Sucrose solution (0.1 ml) was delivered over 3 s to one of the cups. A 10-ml syringe fixed to a pump (Med Associates) and connected to each cup allowed sucrose delivery. During behavioral sessions, rats' catheters were connected by tubing through a fluid swivel to a syringe containing a solution of cocaine placed outside of the chamber. Cocaine was delivered over 3 s by the activation of a pump. An interface (MED-PC) and a computer controlled the session and collected data. A one-tone generator (3.5 kHz) provided an auditory stimulus.
Behavioral Procedures
Behavioral training before surgery. The aim was to record rats performing a discriminative stimuli task. At the beginning of the session, the house light was turned on and the lever extended. Rats were trained to press the lever for 1 s. During this period, one of the two cue lights was illuminated randomly for 100 ms, 400 ms after the start of the lever press. A trigger tone was delivered 500 ms after the extinction of the light (Fig. 1A) , indicating that the rat could release the lever. Each cue light (right or left of the lever) was associated with a specific reward. One-half of the rats was trained as follows: the left cue light indicated that 4% sucrose was the reward, and the right cue light indicated that the reward was 32% sucrose. The other rats were trained with the opposite association. Immediately after the rat's paw was withdrawn from the lever, it was retracted, and the pump was activated so that both rewards were delivered when the animal was standing in the receptacle. The detection of the animal's head entry in the magazine after a correct lever release started a 5-s intertrial interval. Anticipatory lever releases (release before the trigger tone, i.e., error trials) were not rewarded and led to the retraction of the 0 -1 1 -2 2 -3 3 -4 4 -5 5 -6 6 -7 7 -8 8 -9 9 -1 0 2 0 -2 5 2 5 -3 0 > 3 0 1 0 -1 1 1 1 -1 2 1 2 -1 3 1 3 -1 4 1 4 -1 5 1 5 -1 6 1 6 -1 7 1 7 -1 8 1 8 -1 9 1 9 -2 0 A: schematic representation of the operant task. This schematic diagram illustrates the time elapsed (400 ms) after the lever press when the light is illuminated (100 ms) and the time elapsed (500 ms) before the lever is released. Reward is only delivered if the rat had held the lever down for the entire 1-s duration. Each cue-light stimulus (at the right or at the left of the lever) predicted a specific reward (either cocaine or sucrose lever and to the extinction of the house light for 2 s. Each session ended after 120 trials (60 trials with each reward distributed randomly) or if 30 min had elapsed. The time taken to withdraw the paw from the lever after the tone onset, called reaction time (RT), was measured, as well as the time taken to reach the magazine once the lever released, called movement time (MT). Postsurgery behavioral testing. After surgery, rats were retrained for 4 days with the same training procedure. Then, one of the sucrose solutions was replaced by intravenous cocaine self-administration (0.25 mg/90 l per injection), keeping the same rules regarding cue lights. One-half of the rats would therefore receive cocaine and 32% sucrose as rewards (S32 group), and the other half, cocaine and 4% sucrose (S4 group). With regard to the cue light, one-half of the rats in each group had the cocaine cue on the left and the other half, on the right. Cue lights were illuminated in pseudo-random order to limit the number of cocaine injections in a too-short period. The cue light associated with cocaine could not be illuminated for more than three consecutive trials nor if it were already illuminated three times in the last five trials. The number of consecutive illuminations associated with sucrose was limited to five. The cocaine infusion began when the rat's head was detected in the magazine where the sucrose solution was delivered. Detection of the animal's head entry in the magazine after a correct lever release started a 20-s intertrial interval. The duration of the daily sessions was then increased so that each session ended after 25 cocaine trials (the number of sucrose trials was unlimited) or when 90 min had elapsed.
The animals were subjected to this task for 20 standard recording sessions (except for two rats that lost their electrodes after 10 and 15 sessions, respectively, and one for which the catheter was blocked after seven sessions).
Challenges: changes in reward magnitude. For the challenge sessions, the total duration of the session remained 90 min for standard sessions. The rats were thus first subjected to the standard task for 45 min; the session was paused; cocaine was then replaced by 0.9% sodium chloride (i.e., saline; challenge 1), or sucrose (4% in the S4 group and 32% in the S32 group) was replaced by 10% sucrose (challenge 2); and the session started for another 45 min, allowing recording of the same neuron in baseline and challenge conditions. The challenge was performed twice on consecutive days and followed by a session in standard conditions.
Electrophysiology
Each multiwire electrode bundle comprised two tetrodes made with four formvar-insulated, 25-m nichrome electrodes. The tetrodes were threaded through a 26-gauge stainless-steel cannula that served as the ground. Rats were placed in the operant chamber and connected to a multichannel commutator (Crist Instrument, Hagerstown, MD) via a flexible cable. Electrophysiological signals were transmitted to a preamplifier, to an amplifier (Neuralynx, Bozeman, MT), and to data-acquisition hardware (DataWave Technologies, Loveland, CO). All waveforms exceeding an amplitude threshold (2ϫ above noise level) were recorded. Unit discriminations were performed offline using Sciworks clustering software (DataWave Technologies) and Offline Sorter (Plexon, Dallas, TX). In many cases, more than one waveform shape could be isolated on a single tetrode. When these waveforms could not be separated easily, they were discarded from the analysis. Autocorrelograms were then constructed for each unit using NeuroExplorer (Nex Technologies, Madison, AL), and units without well-defined refractory periods were rejected or re-sorted. Although a sample of several hundred units was recorded, it is likely that some signals were recorded more than once over the course of the experiment for different sessions. To avoid analyzing the same neuron twice in consecutive sessions, waveforms of neurons recorded on the same electrode were compared according to the Grossman et al. (2008) analysis. Briefly, multivariate ANOVAs allowed the comparison of the waveform recorded in the same electrode between two consecutive sessions. If the waveforms had a probability Ͻ0.001 to be different, the two neurons were considered different; otherwise, they were considered as the same neurons, and the second recording of this neuron was discarded from the analysis. Furthermore, if two neurons-recorded on the same wire during two consecutive sessions and considered different-responded to the same event in these consecutive sessions, the second neuron was also discarded from the analysis.
Data Analysis
Behavioral analyses. The behavioral performance with regard to the two different rewards-anticipatory responses and time spent in the magazine [RT (i.e., latency to release the lever after the tone) and MT (i.e., time elapsing between the lever release and the magazine entry)]-was recorded and compared with a two-way ANOVA, with reward (sucrose vs. cocaine) and group (S4 vs. S32) as between factors and session as within factors, using StatView (SAS Institute, Cary, NC). When a significant effect was found, post hoc comparisons (Fisher's protected least significant difference) were performed using a simple main-effect analysis. The behavioral performances of one group (S4 or S32) in the standard and challenge conditions were compared using paired t-tests.
Electrophysiological analyses. Analyses were based on binned peri-event firing rates (50 ms bins), as described previously (Lardeux et al. 2009 ). As there were many events in a short period of time in this task, it was necessary to compare the neuronal activity after the event with the basal neuronal activity just before to demonstrate the neuronal responses to the specific event. Each response to an event was analyzed for 500 ms after the event and compared with the activity during the 400 ms preceding this event. The baseline lasted 400 ms, because it was the shortest period between two consecutive events.
As there was often an anticipatory response before the magazine entry, the basal activity taken was between 600 ms and 200 ms before the event. Since the cocaine infusion lasted 3 s and did not have an immediate effect, long-lasting responses after magazine entry were also analyzed with 500-ms bins for a period of 8 s after magazine entry.
Each perievent bin was expressed as a z score based on the mean and SD of the firing rate during the respective basal period of this event. Three or more consecutive bins (Ͼ150 ms) with z scores Ͼ1.64 SDs (95% confidence interval), away from the baseline mean firing rate, were considered a significant response. For the long-lasting responses after magazine entry, one or more 500-ms bins with z scores Ͼ1.64 SDs (95% confidence interval), during the 3 s after magazine entry (infusion time), were considered a significant response.
The activity of neurons that responded to one event for either reward and the activity of neurons that responded to one event in the standard or challenge conditions were compared with a t-test on the normalized data using StatView (SAS Institute). The responses of neuronal populations to one event were analyzed with a two-way ANOVA, with reward and group as between factor. When a significant effect was found, post hoc comparisons were performed using a simple main-effect analysis. The responses of neuronal population in the two groups (S4 and S32) were compared with ANOVA as well. Results of these two groups were presented only if there were a difference between groups.
The proportion of neuronal populations was compared with a 2 test.
Histology
At the end of the experiment, all rats were decapitated, and the brains were removed, frozen, and cut in the coronal section with a cryostat. Frontal, 40 m-thick sections of the STN were stained with cresyl violet for assessment of the electrode placement.
RESULTS
Histology
The tip of the electrodes was primarily in the medial part of the STN, as illustrated in Fig. 1C . Out of the 16 sets of tetrodes implanted, four were located outside of the STN area, and data collected from them were therefore discarded.
Behavioral Results
Rats obtained a mean of 39.3 (Ϯ3.6) rewards/session, i.e., 14.7 (Ϯ1.2) cocaine infusions and 24.7 (Ϯ2.1) sucrose rewards. The percentage of primed error (anticipatory lever release following the cue light and before the tone) was higher for cocaine than for sucrose [37.6% Ϯ 6.0 vs. 25.1% Ϯ 3.7; F (1,6) ϭ 6.757; P Ͻ 0.05]. As shown in Fig. 1 , E-G, rats were faster to perform when highly motivated (i.e., for 32% sucrose; S32 group) than when working for either 4% sucrose or cocaine (S4 group). They exhibited shorter RT [group effect: F (1,6) ϭ 23.351; P Ͻ 0.001] and a trend toward shorter MT.
Whereas RT for cocaine did not differ from that for sucrose, whatever the concentration of sucrose ( Fig. 1E ), MT was significantly shorter for the sucrose (mean 11.1 s Ϯ 4.2) than for the cocaine [mean 74.7 s Ϯ 23.7; Fig. 1F ; reward effect: F (1,6) ϭ 9.206; P Ͻ 0.001] reward. These results are in line with our previous data showing a lack of difference between the RT for 4% and 32% sucrose but a shorter MT for 32% sucrose when rats work with these two rewards (Lardeux et al. 2009 ). Taken together, these results indicate that in this particular behavioral task, the MT is affected by the reward predicted, whereas the RT is not. The time spent in the magazine (between the first magazine entry and the following first exit) was significantly shorter for the cocaine (mean 0.703 s Ϯ 0.013) than for the sucrose [mean 3.949 s Ϯ 0.047; Fig.  1G ; reward effect: F (1,6) ϭ 63.415; P Ͻ 0.001] reward. The shorter MT in the sucrose trial, as well as the higher percentage of successfully completed sucrose trials and the lower error rate, seems to indicate that the rats were able to discriminate the two cue lights and the two different rewards and that the animals prefer sucrose over cocaine. This could also indicate that animals were self-regulating the cocaine infusions by delaying their entrance in the magazine with a longer MT and a higher error rate.
Neural Coding in the STN
As the aim of the present study was to compare cocaine with sucrose, the electrophysiological data from all animals were pooled (those from S4 and S32 groups) for analysis. Further analyses regarding the influence of the sucrose concentration used will be detailed later.
We recorded a total of 471 neurons (S4: n ϭ 220 and S32: n ϭ 251; see Fig. 1B ), out of which 90.7% (427/471) responded to at least one event of the task (S4: n ϭ 202 and S32: n ϭ 225), and 30.4% (143/471) responded to only one event. The mean firing rate for the entire session was 6.19 Ϯ 0.2 Hz (Fig. 1D ), in line with what was reported in recent studies carried out in freely moving rats (Lardeux et al. 2009; Shi et al. 2004; Teagarden and Rebec 2007) .
For each event (i.e., cue light, tone, lever release, and magazine entry), neurons were classified in different populations, according to their response (Table 1 ). The neurons responding exclusively for one reward at a particular event were classified as "exclusive" neurons (i.e., "exclusive sucrose" or "exclusive cocaine"). The neurons exhibiting a response for both rewards but with a response of higher magnitude for one reward (t-test, P Ͻ 0.05) were classified as "selective" neurons. The neurons responding for both rewards in the same manner (t-test, P Ͼ 0.05) were classified as "similar" neurons. As both activation and inhibition were recorded (Table 2) , we also compared these populations and analyzed them separately; these results are reported only if they differ from the general results and/or if they differ from each other.
When one neuron was responsive for more than one event, we also looked at whether it kept the same specificity for one The neurons in the sucrose and cocaine columns are "exclusive" neurons, responsive only when sucrose or cocaine is, respectively, predicted. The "selective" neurons are reactive to both rewards but with a higher magnitude for 1 reward. The "similar" neurons exhibited no differential response as a function of the reward. The incorrect trials correspond to the trials during which the rat had released the lever before the trigger tone and after the cue light. For each event, the 1st line gives the percentage of neurons of each category. The 2nd line gives the number of neurons/total number of responsive neurons. *P Ͻ 0.001 compared with the proportion of the exclusive cocaine neuron.
given reward. Overall, the neurons that responded to a sucrose event kept responding to sucrose or responded to both rewards in later events (sucrose: 57.3%, both: 26.2%, cocaine: 16.5%). On the contrary, neurons that responded to a cocaine event responded mostly to subsequent events for sucrose or both (sucrose: 50.7%, both: 34.3%, cocaine: 14.9%). Furthermore, neurons that responded to both rewards in an event responded mostly to both or to sucrose only in subsequent events (sucrose: 34.6%, both: 50%, cocaine: 15.4%). This response pattern was more pronounced in the S32 group than in the S4 group. This suggests that STN neurons encode the information regarding the predicted outcome at cue light and then, mostly respond for the preferred reward for subsequent events.
STN Neurons Differentially Encode Cocaine and Sucrose
Population coding. Different neuronal populations responded during the cocaine trials or during the sucrose trials. Analyses of the neuronal responses to the cue light were first performed, as it was the most-relevant event to assess reward expectation. The neuronal populations responding to cues predicting sucrose (n ϭ 41 neurons) and cocaine (n ϭ 42 neurons) were segregated almost totally and of similar size ( Fig. 2A ; see also Table 1 ). As illustrated in Fig. 2 , B and C, most neurons responded exclusively to one of the cue lights (44% and 45.3% for sucrose or cocaine, respectively).
The neuronal response after the trigger tone and the lever release may be modulated by the predicted reward. This modulation is thought to reflect a difference in the expectation of each reward, as shown previously in the striatum and the orbitofrontal cortex (OFC) (Cromwell and Schultz 2003; Hassani et al. 2001; Pasquereau et al. 2007; Schoenbaum et al. 1998; van Duuren et al. 2007 ). The neuronal populations responding to the events following the cue light (i.e., tone, lever release, and magazine entry) were segregated mostly between exclusive cocaine and exclusive sucrose neurons. Interestingly, for these events, the exclusive sucrose neuronal population was larger than the exclusive cocaine population (Fig. 3, A and B, and 4, A and B, 40 .4% vs. 26% at tone, 48.5% vs. 32.3% at lever release, and 59.5% vs. 12.4% at magazine entry; 2 : P Ͻ 0.05; see also Table 1 ). Whereas a majority of neurons was inhibited after the cue light (70.7%), a majority of activation was recorded after the tone, the lever release, or the magazine entry (93.2% at tone, 67.7% at lever release, and 95% at magazine entry; Table 2 ). Furthermore, more neurons were inhibited after the cue predicting sucrose than after the cue predicting cocaine (80% vs. 61.9%; 2 : P Ͻ 0.001).
The cue light was illuminated while the rat was holding its paw on the lever so that the motor activity of the animals was controlled and already integrated in the neuronal response at the cue-light onset. Furthermore, analysis with regard to the position of the cue light indicated that there were no systematic specific responses toward the contralateral side, ruling out a total sensory or spatial response of STN neurons to the light. The neuronal responses measured are thus more likely related to the prediction of the reward. It was also necessary to avoid different possible movement directions for the two available rewards, as movement direction can modulate neuronal response (shown, for example, in the OFC) (Feierstein et al. The incorrect trials correspond to the trials during which the rat had released the lever before the trigger tone and after the cue light. In parentheses: number of neurons/total number of responsive neurons. 2006). The required movement following lever release was therefore the same regardless of the reward; magazine entry detection was required for delivery of both sucrose and cocaine. Very few neurons responded after both the tone and lever release, ruling out that the increase in firing rate observed after the tone is the same as that at lever release. Nevertheless, it is not possible to totally rule out the fact that these responses could be related to the motor preparation of the lever release.
Rate coding. When comparing sucrose-encoding neurons on sucrose trial with cocaine-encoding neurons on cocaine trials, there was no significant difference between the firing rates of the neuronal population at cue-light [F (1,80) ϭ 0.61; P ϭ 0.44], tone [F (1, 193) ϭ 0.16; P ϭ 0.69], or lever-release [F (1,116) ϭ 0.41; P ϭ 0.52] events.
After magazine entry, short and long responses were analyzed ( Figs. 4 and 5) . For both short and long responses, the firing rate of the sucrose-responsive neuronal population was higher than that of the cocaine-responsive population [Fig. 5, A  and B ; reward effect: short responses, F (1,328) ϭ 20.415; long responses, F (1,346) ϭ 20.336; P Ͻ 0.01]. During the 500-ms analysis phase of the short responses, the cocaine infusion just began. There is thus no effect of the cocaine itself, but since the behavioral results showed that the animals were in the magazine during this period-whichever reward was predicted (Fig.  1G )-the neuronal responses recorded cannot be related to major movements in the box. The phasic responses recorded during the first 500 ms spent in the magazine (59.5% neurons exclusive sucrose, 12.7% neurons exclusive cocaine; Fig. 4A ) were thus more likely related to expectation and confirmation, as the reward delivered matched what was predicted. Furthermore, even if the rewards' route of administration was different between sucrose and cocaine, the neuronal response latencies were the same for both rewards (Fig. 5G) . To measure the neuronal response induced by cocaine after its delivery in the bloodstream, the long-lasting responses after magazine entry were analyzed. Although cocaine is now perceived during this long interval, the firing rate for sucrose remains higher than that for cocaine throughout the long response (Fig. 5B ). These differences may reflect the different behaviors related to each reward, in terms of licking or staying still in the magazine. The lower firing rate for cocaine may be explained partially by the lower percentage of neurons that is activated than for sucrose (68.66% vs. 90.63%; 2 : P Ͻ 0.001). However, when analyzed separately, the firing rate of the population activated after magazine entry is also higher for sucrose than for cocaine and thus for both short and long responses (Fig. 5, C and D) , whereas there is no differences between the firing rate of the neuronal population inhibited after magazine entry [Fig. 5 , E and F; activation, short responses, reward effect: F (1,104) ϭ 5.806; long responses, reward ϫ time interactions: F (15,1,410) ϭ 4.268; P Ͻ 0.01]. Interestingly, the firing rate of the neuronal population activated during the long response is higher for sucrose during the first 3 s, and then it is higher for cocaine. This effect may reflect the reward perception, whereas the inhibitions may reflect a more general arousal effect.
Modulation of Neuronal Encoding by Reward Value
Influence of the sucrose concentration on board. Since rats performed the task with either 32% sucrose (S32 group) or 4% sucrose (S4 group) vs. cocaine, we then investigated whether the magnitude of the sucrose solution had influenced the STN neuronal responses. It is first interesting to note that more neurons responded to magazine entry in the S32 group (n ϭ 158/225) than in the S4 group (n ϭ 101/202; 2 : P Ͻ 0.001) but that more exclusive neurons were recorded in the S4 group than in the S32 group ( 2 : P Ͻ 0.001; Table 1 ). Furthermore, Since we have shown previously that when rats work for either sucrose 4% or 32%, there is a higher firing rate for sucrose 4%, whereas there is less licking activity (Lardeux et al. 2009 ), these differences in firing rate here between S4 and S32 groups are unlikely to be related to a licking difference. In contrast, the firing rate following the trigger tone was higher in the S4 group than in the S32 group [ Fig. 6C ; group effect: cocaine, F (1,85) ϭ 19.942; sucrose: F (1,106) ϭ 10.968; P Ͻ 0.001], regardless of the expected reward. The differences between the firing rates after the trigger tone in the two groups could be related to the differences observed for RT measures, revealing shorter RTs in the S32 group. This would suggest that increased STN neuronal activity results in a reduced ability to release the lever. This is in line with the classical view of the functioning of the basal ganglia motor loop. Influence of a change in reward value/reward-prediction error. To assess whether STN neurons could encode an unexpected change in reward value, cocaine was first replaced by saline (challenge 1). Then, 4% or 32% sucrose was replaced by a 10% sucrose solution (challenge 2). The neuronal responses of the same neurons under standard and challenge conditions could then be compared, since the change was operated during the course of a regular session. Challenge 1: saline replaces cocaine. BEHAVIORAL EFFECT. The number of rewards obtained was significantly higher under challenge conditions [44.2 vs. 22.9; challenge effect: F (1,4) ϭ 29.483; P Ͻ 0.05], showing that the rats noticed the change and tried to compensate for the lack of cocaine by working harder, initiating more trials. In the S32 group, the RT was increased during saline trials when compared with cocaine trials [Fig. 7A; 0 .661 s vs. 0.47 s; challenge effect: F (1,3) ϭ 10.288; P Ͻ 0.05], suggesting that the lower reinforcing properties of saline were noticed and decreased the motivation to release the lever quickly. This also confirms further that cocaine acts as a reinforcer in the task under standard conditions. In contrast, RT for sucrose remained unaffected by this challenge. In the S4 group, no significant change was observed. Since rats were trained previously under the same procedure with 4% vs. 32% sucrose, it is possible that the reward was devalued when the rats in the S4 group ended up with cocaine instead of 32% sucrose after surgery. If we consider thus that the standard condition is a devaluation situation for animals of the S4 group, the lack of effect induced by replacing cocaine by saline may be due to the low level of motivation of the animals.
ELECTROPHYSIOLOGICAL EFFECT. During this challenge, 53 out of the 65 neurons recorded responded to at least one event under baseline conditions (S4: n ϭ 27 and S32: n ϭ 26), and 58 responded under challenge conditions (S4: n ϭ 31 and S32: n ϭ 27). Most of the recorded neurons responded to a given event only in baseline or in the challenge condition ( Fig. 7C and Table 3 ). Only few neurons adapted their response to the same event under both conditions (cocaine or saline; 2 : P Ͻ 0.001) by changing their selectivity, demonstrating their ability to adapt to the new condition or to code reward-prediction error.
The number of responsive neurons after magazine entry allowed further analysis. As shown in Fig. 7B , in the S4 group, fewer neurons responded exclusively to sucrose in the challenge condition compared with the standard condition after magazine entry ( 2 : P Ͻ 0.05). This suggests that when the difference between the rewards decreases (from 4% sucrose vs. cocaine to 4% sucrose vs. saline), there is a lower encoding of the relative reward values. In contrast, in the S32 group, more neurons responded selectively at magazine entry in the challenge condition than in the standard condition ( 2 : P Ͻ 0.001). This suggests that when the difference between the rewards increases (from 32% sucrose vs. cocaine to 32% sucrose vs. saline), there is a higher selectivity in encoding the relative value of the rewards on board. Furthermore, the firing rate tends to decrease during the challenge in the S32 group for saline compared with what it was for cocaine [challenge effect: F (1,182) ϭ 3.829; P ϭ 0.07], whereas it did not change in the S4 group. On the contrary, the firing rate was higher for sucrose during the challenge than during the baseline in the S4 group challenge effect [F (1,299) ϭ 6.041; P Ͻ 0.05] but did not change in the S32 group. Challenge 2: 10% sucrose replaces 4% or 32% sucrose. BEHAVIORAL EFFECT. As shown in Fig. 7D , replacing 4% by 10% sucrose decreased the RT in the S4 group for both cocaine and sucrose rewards (t-test; cocaine: 1.05 s vs. 0.35 s, P Ͻ 0.05; sucrose: 0.965 s vs. 0.405 s, P Ͻ 0.001), showing that increasing the sucrose concentration enhances motivation to perform the task in general. In contrast, replacing 32% by 10% sucrose had no behavioral consequence within the group. However, it abolished the RT difference between the two groups measured under baseline conditions [baseline: group effect, sucrose, F (1,3) ϭ 42.278, P Ͻ 0.001; after a group ϫ sessions interaction, cocaine, F (1,3) ϭ 10.707, P Ͻ 0.05; challenge 2: group effect, sucrose, F (1,3) ϭ 0.290, cocaine: F (1,3) ϭ 0.379, P Ͼ 0.05].
ELECTROPHYSIOLOGICAL EFFECT. During challenge 2, 53 neurons were recorded; 47 responded to at least one event under baseline conditions (S4: n ϭ 24 and S32: n ϭ 23), and 43 responded under challenge 2 conditions (S4: n ϭ 21 and S32: n ϭ 22). As for challenge 1, most of the recorded neurons responded to a given event only in baseline or in the challenge condition ( 2 : P Ͻ 0.001; Fig. 7F and Table 3 ), a form of reward-prediction error. Interestingly, after magazine entry in the S4 group, more exclusive sucrose neurons were found than exclusive cocaine under the challenge condition compared with baseline conditions ( 2 : P Ͻ 0.001). This may reflect the rats' higher motivation to work for 10% sucrose than for 4% sucrose. No changes were noticed in the S32 group in line with the absence of behavioral effects (Fig. 7E) . The firing rate was not different during the challenge compared with the baseline.
These challenges show that the selectivity for one reward is influenced by the second reward available. During the chal- E: challenge 2) on the proportion of exclusive, "selective," and "similar" neurons at magazine entry in the S4 and S32 groups (left and right, respectively). C: example of an exclusive neuron responsive to cocaine in the standard condition at cue-light presentation (left) and no longer responsive when cocaine was replaced by saline (right). The arrows indicate the time of the lever press and the tone. F: example of an exclusive neuron that did not respond to 4% sucrose in the standard condition at magazine entry (left) and that showed an increased activity when 4% sucrose was substituted by 10% sucrose (right). *P Ͻ 0.05, **P Ͻ 0.001 compared with the S4 group; §P Ͻ 0.05, § §P Ͻ 0.001 compared with the "standard" condition. lenges, animals receive a different reward than the one predicted; it is thus possible that the differences observed between the baseline and the challenges conditions are a signal of reward-prediction error (Schultz and Dickinson 2000) .
STN Neurons Respond Specifically to Executive Error, and Activity at Cue Onset Can Predict Future Error
As mentioned earlier, STN has been shown to be involved in encoding error (Brown et al. 2006; Lardeux et al. 2009 ). Therefore, the neuronal responses to the cue and the lever release during error trials were investigated, especially when the premature lever release occurred after the cue light, after the sucrose or cocaine reward had been signaled. As for correct trials, most neurons responded exclusively to one cue light either for cocaine trials (48.8%) or sucrose trials (44.2%; Fig. 8A and Table 2) . Interestingly, the firing rate of the neurons responding to the cue light was higher during incorrect trials than during correct trials [trials effect: cocaine, F (1,66) ϭ 22.209; sucrose, F (1,60) ϭ 7.359; P Ͻ 0.001], suggesting that the firing rate at the cue-light onset can predict future errors (Fig. 8, B and C) . Indeed, most neurons were activated during error trials, whereas in contrast, most neurons were inhibited at cue light in correct trials ( 2 : P Ͻ 0.001). These differences might reflect that the firing rate promotes the anticipated lever release in the error trials. Another hypothesis is that the animals were not expecting the particular cue in these trials and that these firing rates reflect the unexpected occurrence of the cue. Furthermore, during these error trials, the firing rate after the cue light is higher in the cocaine trials compared with the sucrose trials [ Fig. 8, B and C; reward effect: F (1,46) ϭ 4.261; P Ͻ 0.01]. This effect is related to a higher percentage of neurons activated in the cocaine trials than in the sucrose trials (84.62% vs. 63.64%; 2 : P Ͻ 0.001), which was also the case for correct trials. When looking at neuronal responses at anticipated lever release, we have identified "oops" neurons (Lardeux et al. 2009 ), responding specifically at lever release during error trials (58/427) but not during correct trials (Fig. 9, B and C, for an example of an "oops cocaine neuron"). It is possible that these neurons respond only in incorrect trials, because the lever-release movement is then different than the movement in correct trials. However, this can be ruled out, since these "oops neurons" respond exclusively to one missed reward, with a majority of them responding to sucrose ( Fig. 9A ; sucrose: 60.3%, cocaine: 36.2%; 2 : P Ͻ 0.001), suggesting that the information related to the expected reward plays a role at that stage.
DISCUSSION
We report here that most STN neurons respond to cocaine or sucrose, indicating that the STN encodes reward value via different subpopulations. This result is in line with our previous study showing that different populations encoded 4% and 32% sucrose. However, here, we also observed a preferential encoding that we did not observe when both rewards were of the same nature.
The shorter MT in sucrose trials and the higher percentage of completed sucrose trials suggest that cocaine is a lower reinforcer than sucrose, in line with the study by Lenoir et al. (2007) , showing that rats prefer sucrose over cocaine, especially, maybe, when cocaine is only given in a limited number of injections/session that do not model addiction. However, the fact that RT was not significantly different for sucrose and cocaine suggests that cocaine is still rewarding enough for the animals to release the lever as quickly as possible. The S32 group exhibited shorter RTs than the S4 group, suggesting that cocaine may not be reinforcing enough to compensate for low motivation driven by 4% sucrose. Since rats were trained previously under the same procedure with 4% vs. 32% sucrose, it is also possible that reward was devalued when the rats in the S4 group ended up with cocaine instead of 32% sucrose. In For each event, the number of neurons reactive only in the baseline condition, only in challenge condition, and in both conditions is indicated for cocaine (top) and sucrose (bottom). The neurons responsive in both conditions could exhibit the same response in standard and challenge conditions ("stable" neurons), or they could exhibit different responses in the 2 conditions ("adaptive" neurons). Cue light, incorrect, response after the cue light when the rat released the lever before the trigger tone in error trials; ALR, anticipatory lever release; when the rat released the lever before the trigger tone and after the cue light in error trials.
contrast, for the rats of the S32 group, cocaine replaced 4% sucrose, and it was less devaluating. Substituting 4% by 10% sucrose during the challenges increased the motivation of the S4 group to work, whereas replacing cocaine by saline had no effect, suggesting that the cocaine-reinforcing effect is weak and does not provide a big contrast with a low concentration of sucrose. This supports the idea that cocaine has a low rewarding efficacy when it is contrasted with sucrose. This is the first study to record the responses of STN neurons to cues announcing two rewards of different types: one, natural (sucrose) and one, drug of abuse (cocaine). We show that segregated neuronal populations responded for each reward, which confirms our previous results (Lardeux et al. 2009 ). Interestingly, the population responding for sucrose was larger than that responding for cocaine and had a higher firing rate. As discussed above, if sucrose is the preferred reward, then STN seems to encode more strongly the preferred reward. We showed previously that separate populations encode two natural rewards differing in their salience (32% and 4% sucrose), but we did not observe any preferential encoding (Lardeux et al. 2009 ). Here, we show a larger population encoding sucrose with a higher firing rate, suggesting a stronger encoding of the preferred reward when rewards differ by their nature. However, it is possible that intravenous cocaine infusion may not be associated properly with the cue light, as the same cue was formerly associated with a sucrose solution. If we consider then that cocaine trials are extinction trials, the results observed here suggest that STN neurons can encode the reward value, and in this case, the value of cocaine is very low. The classical hypothesis of STN function suggests that activation of the output nuclei of the basal ganglia by the STN suppresses undesired movements (Isoda and Hikosaka 2008; Mink 1996) , which would have predicted an activation of STN neurons in our task during maintenance of the lever press. Since we recorded mainly activation at lever press (data not shown) but inhibition after the cue light, the neuronal activity observed is more likely due to reward-related processes than to motorrelated processes. It is thus possible that the reward-related processes override the motor processes or are more prevalent.
The differences observed between S4 and S32 groups suggest that the neuronal response to a given reward in the STN depends on the alternative reward available. Indeed, in the S32 group, more neurons responded at reward access and with a higher firing rate than in the S4 group, suggesting a stronger reward encoding when rats worked for two supposedly highvalue rewards. Another possibility is that the higher motivational/arousal state that the animals are on while working for 32% sucrose induces this higher neuronal-responding firing rate within the STN. However, the higher number of exclusive neurons in the S4 group at reward access suggests that the neuronal specialization is higher when the contrast between the two available rewards is supposedly high. The effect of the alternative reward on neuronal specialization was also confirmed when saline replaced cocaine, as the S4 group-then having access to either 4% sucrose or saline-showed less specialization than previously with cocaine, thus confirming our previous results (Lardeux et al. 2009 ). The adaptability of the neuronal responses during the challenges confirms that reward encoding within the STN neurons depends on the rewards available. The modifications of the neuronal signal in challenge conditions may also be a reward-prediction error, as the animal had a reward that was not the one predicted (Schultz and Dickinson 2000) .
The firing rate at cue onset is predictive of future error. Indeed, increased activity at cue onset preceded an error, whereas we observed decreased activity for correct trials. This indicates that STN neurons contribute to the encoding of motor performance and error, as shown previously in the human STN (Brown et al. 2006 ). These responses might be related to motor-control processes (impulse control) known to be under the influence of STN (Aron and Poldrack 2006; Baunez et al. 1995; Eagle and Baunez 2010; Eagle et al. 2008) or to a difference in encoding with respect to the trial contingency; however, future studies are needed to address this issue directly. These responses, predictive of an error, were also specific to the predicted reward, as separate populations responded for sucrose and cocaine. Some studies in the prefrontal cortex (PFC), in the globus pallidus, and in the nucleus accumbens (NAc) have reported the existence of neurons responding specifically during behavioral errors (Amiez et al. 2005; Arkadir et al. 2004; Taha et al. 2007; Watanabe 1989) . Interestingly, the error activity in the anterior cingulate cortex of the monkey depends on reward prediction (Amiez et al. 2005 ) and may thus-as well as the midbrain dopaminergic system (Schultz and Dickinson 2000) -drive the neuronal responses observed in the STN during error trials via the hyperdirect pathway, linking the PFC to the STN.
Many studies have shown neuronal modulation for different natural rewards in the PFC, NAc, striatum, pallidum, and dopaminergic neurons (Arkadir et al. 2004; Cromwell and Schultz 2003; Hassani et al. 2001; Hosokawa et al. 2004; Miyazaki et al. 2004; Roesch et al. 2007; Roesch and Olson 2004; Schultz 2002; Setlow et al. 2003; Tindell et al. 2006; Tremblay and Schultz 1999; van Duuren et al. 2007; Wallis and Miller 2003) . In the striatum and in the OFC, it has also been shown that neurons can fire more strongly for the cue associated with the preferred reward (Cromwell and Schultz 2003; Hassani et al. 2001; Padoa-Schioppa and Assad 2006; Setlow et al. 2003; Tremblay and Schultz 1999) . It might well be possible that encoding the relative value of the reward observed here at the level of the STN is under the influence of either the traditional, indirect pathway-indirectly linking the striatum/NAc to the STN-or the cortex via the hyperdirect pathway (Nambu et al. 2002) . The importance of the hyperdirect pathway is in line with evidence of several commonalities between OFC and STN (Eagle and Baunez 2010) .
Neurons encoding cocaine reward have been shown in both the NAc and the PFC (Carelli and Deadwyler 1994; Chang et al. 1994 Chang et al. , 1996 Chang et al. , 1997 Peoples et al. 1997; Rebec and Sun 2005) . Both structures may thus promote STN encoding of cocaine reward. Furthermore, separate populations responding to sucrose and cocaine have been found in the NAc (Bowman et al. 1996; Carelli and Deadwyler 1994; Carelli et al. 2000) .
This would support the idea that differential encoding of the nature of the reward in the STN is under the influence of the NAc activity, possibly via the ventral pallidum, forming different microcircuits within the basal ganglia that encode natural rewards and drugs of abuse.
The stronger encoding of the sucrose reward may explain why inactivation of the STN has opposite effects on the motivation for sucrose or for cocaine Rouaud et al. 2010) . Indeed, a higher activation of the STN elicits an activation of the output nuclei of the basal ganglia, leading to an inhibition of the thalamus. In the normal state, an increase of STN neuron activation, when rats work for sucrose compared with cocaine, could thus lead to an inhibition to take sucrose. The STN inactivation would disrupt this "hyperactivation" and then result in an increased motivation for food (Baunez et al. 2002) . On the contrary, the poor activation of the STN elicited by cocaine would diminish the effect of the lesion on motivation for cocaine.
All of these findings reveal very important functions of STN neurons that are critical to better understand their role in motivational processes and reward circuit. With specialized populations for various types of reward, STN is an interesting structure, where motivation for different rewards can be dissociated, as confirmed by behavioral data Rouaud et al. 2010) . This is a critical aspect for the treatment of addiction.
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Lever release Lever release Lever release Fig. 9 . STN response during error. A: composition in percentage of the neuronal population responding at the lever release in error trials. B and C: example of an "oops" cocaine STN neuron. Firing pattern to cocaine (left) and sucrose (right) delivery for the same neuron at lever release, following the cue light, is represented in incorrect (B) and correct (C) trials. Rasters are centered on the occurrence of the lever release (t ϭ 0). Top: raster plot of spike firing on each trial with the top row of dots corresponding to the 1st trial. Bottom: mean firing rate across all trials; bin size is 50 ms.
